Impingement cooling is an important and new
THERMOMECHANICAL ASPECTS OF FLAT STEEL ROLLING
Advanced grades of steel require a high rate of cooling after hot rolling operation. With increasing needs of obtaining a high heat flux in the cooling of high-temperature steel, it is more important to develop effective cooling schemes in the steel industries. These cooling requirements are restricted by various industrial factors, such as available space, coolant selection, local environment conditions, and maximum allowable surface temperature. In addition, the production of steel having the desired mechanical and metallurgical properties requires accurate temperature control during the cooling process .
Several methods have been developed to achieve the desired cooling rate and temperature control for strip metals as depicted in Fig. 1 (Tacke et al., 1986) . Tacke et al. (1986) in a comparative study among different cooling methods and their performances, reported that the planar water jets (such as waterfalls and water curtains) which span the entire strip are about 50% more efficient than spray nozzles in removing heat from a strip at 900
• C with a traveling speed of 10 m/s. In addition, Kohring (1985) achieved the highest specific cooling rate and more uniform cooling with respect to temperature variations across the strip width by waterfalls. However, recently it was found that planar water jets (water curtain) tend to overcool the steel plate and the cooling rate is difficult to control. The schematic of the continuous casting process of steel is shown in Fig. 2 , (Petrus et al., 2009 ).
HEAT TRANSPORT PHENOMENA IN RUNOUT TABLE
In order to fundamentally understand the cooling behavior of the runout table, the local heat flux during water jet cooling as a function of water temperature and flow rate, strip velocity, and local surface temperature must all be considered. There is a brief period of quiescent air cooling before the strip enters the rapid cooling of the planar water jets. Water impinges on the strip from the top and bottom, separating into two streams, which flow along the strip surface as shown in Fig. 3 . The momentum of the strip pulls the water along so that the water film is elongated in the direction of motion, and heat transfer is enhanced downstream of the impingement region (IR) (Colas, 1995 (Tacke et al., 1986) ].
Conversely, the length of the water film upstream is reduced, thereby diminishing heat transfer in this zone (Filipovic et al., 1992) . Water impinging on the top surface moves until it collides with an adjacent water jet or until it is removed by water or air wipes. The water cooling the bottom of the strip travels along the surface until gravity pulls it back down. Two distinct cooling regimes are present on the top surface-the impingement region, which can be two to four times the nozzle diameter or curtain width (Colas, 1995) , and the film-boiling region.
In water cooling, a thin layer of vapor tends to form between the hot material and the water. If the temperature of the surface decreases below the Leidenfrost temperature, the layer of steam cannot be maintained and the cooling water starts to boil. This results in an increase in the heat transfer and the rate of cooling is now increased by the intensity of the turbulent contact between water and the hot material (Denis et al., 1992) . The water falling on the strip in the impingement region causes the red-hot strip to darken in the immediate vicinity of the impact line, indicating extremely effective cooling (Hatta et al., 1983) . In spite of the fact that the convective heat transfer in the film-boiling region is not as efficient as that of the impingement region, because of the larger area covered, it has the largest effect on overall heat removal from the strip on the runout table (Filipovic et al., 1992) . (Colas, 1995) ].
There are also some heat transfer considerations in the conduction from the strip to the transport rolls of the runout table. Local variations in strip temperature are found as a result of temperature differences between the strip and the water cooled rolls, in spite of the short contact area and time. The relatively low heat extraction rate can become important for thin strips (Filipovic et al., 1992) . Guo (1992) took a statistical approach, assuming a heat transfer distribution related to a power-law equation, which he solved using the inverse method to back-calculate the heat transfer coefficient using pyrometer data taken from 75 coils in a hot strip mill. Colas (1995) took a more fundamental approach, addressing the separate mechanisms of convection and boiling. He divided the heat transfer zone under a single spray header into two regions, the parallel flow zone and the jet impingement zone, and applied separate heat transfer values to each. Viskanta and Bergman (1998) and Timm et al. (2003) described a transition regime due to the high heat flux and surface temperature. From their visual observations, Zumbrunnen et al. (1990) described the regimes that occur during the cooling of a hot strip mill as shown in Fig. 4 . In Zone I the heat transfer was single-phase forced convection, and the surface temperature was below the saturation temperature. In Zone II there was the nucleate boiling regime in a narrow range and in Zone III film boiling appeared. Once the film boiling began, there was a disordered state on the hot surface of the plate, shown in Zone IV.
METHODS OF IMPINGEMENT COOLING

Laminar Jet Cooling
The open literature (Fabbri and Dhir, 2005; Womac et al., 1993; Garimella and Rice, 1995; Bernard et al., 1999; Singh et al., 2003) reveals that a significant number of research works were carried out on laminar jet impingement cooling technique applied for obtaining the high local heat transfer coefficient between the air or water and the hot steel plate. Ichimiya and Hosaka (1992) presented characteristics of impingement heat transfer caused by three slot jets. They found that the position of the second peak approached the nozzle as the space between nozzle and impinged surface decreased and the average Nusselt number between the central and second nozzles was determined from the ratio of the dimensionless nozzle pitch/dimensionless nozzle to target plate distance and Reynolds number based on the pitch of the nozzles. Womac et al. (1993) presented liquid jet impingement cooling of small square heat sources resembling electronic integrated circuit chips. They obtained two new correlating equations, one for free surface and the other for submerged jet impingement. Garimella and Rice (1995) investigated the local heat transfer from
FIG. 4:
Heat transfer regimes adjacent to impingement planar water jet on hot strip [Reprinted with permission from Elsevier, (Zumbrunnen et al., 1990) ]. a small heat source to a normally impinging, axisymmetric, and submerged liquid jet, in confined and unconfined configurations. They found that the secondary-peak magnitude increased with Reynolds number and was higher than the stagnation value in some instances. Wolf et al. (1996) reported that the effect of jet velocity on heat transfer is most pronounced in the single-phase and partial boiling regimes, where convective transport is dominated by the hydrodynamics of the bulk flow and not by evaporation or bubble motion. Within the fully developed boiling regime, the convective transport is dominated by evaporation and intense mixing induced by bubbles leaving the surface and heat transfer is insensitive to the jet velocity. Bernard et al. (1999) provided both of the flow visualizations and the velocity measurement result for different distributed jets impinging on a plane wall based on the use of LDV and laser sheet system. In particular, the ground vortex and the fountain effect are clearly shown. Singh et al. (2003) investigated the entrainment characteristics of confined/semiconfined circular and noncircular jets. They showed that noncircular jets provide greater entrainment and mixing with ambient fluid than circular jets, in general. Narayanan et al. (2004) presented the flow field, surface pressure, and heat transfer rates of a submerged, turbulent, slot jet impinging normally on a flat plate. They found results for both the transitional and potential core jet impingement. The mean and RMSaveraged fluctuation surface pressure, and local heat transfer coefficient peaked in the transitional impingement region and decreased monotonically in the wall-bounded flow past impingement while the primary peak in heat transfer was found in the potential jet core case. Geers et al. (2004) used a PIV system to measure the velocity field and turbulence fluctuations in a hexagonal array of circular jets, impinging normally on a plane wall, and identified some major features of impinging jet arrays and their mutual interaction, collision on the plate, and consequent backwash, which generated reticulating motion between the jets. Chambers et al. (2005) presented the detailed heat transfer coefficient distributions on all heat transfer surfaces in a series of low-temperature experiments carried out in a large scale model of a turbine cooling system using liquid crystal techniques. They examined the heat transfer performance of a typical integrally cast impingement channel. Detailed heat transfer coefficient distributions on all heat transfer surfaces were obtained in a series of low temperature experiments carried out in a large-scale model of a turbine cooling system using liquid crystal techniques. All experiments were performed on a model of a 19-hole, low aspect ratio impingement channel. A novel test technique has been applied to determine the effect of the initial cross flow on jet penetration. The total exit mass flow rate and the cross flow mass flow rate were measured using BS ISO TR 15377 orifice meters. It was shown that initial cross flow strongly influenced the heat transfer performance with just 10% initial cross flow able to reduce the mean target plate jet effectiveness by 57%. Woodfield et al. (2005) used a high-speed video camera and microphone to capture the flow behavior and boiling sound of a free surface during quench cooling. It was found that depending on the superheat of the surface considerably different flow patterns appeared.
During recent years, microjet impingement cooling was also noticed by many researchers due to its high flux removal rate in hot rolled steel; thus relevant objectives including the designs, fabrications of devices, flow field characterizations, and heat transfer mechanism have been discovered. Some of the works are discussed here. Fabbri and Dhir (2005) investigated the heat transfer under arrays of microjets using de-ionized water and FC-40 as test fluids. The heat transfer results have been correlated using only three independent dimensionless parameters. With the use of the correlation developed, an optimal configuration of the main geometrical parameters can be established once the cooling requirements of the electronic component are specified. Elison and Webb (1994) report experimental data for microjet applications using pipe-type nozzles for 0.25 ≤ D ≤ 0.58 mm. The Reynolds number range investigated spanned the laminar, transitional, and turbulent regimes in the jet nozzle. Below Re D ≈ 2000, the transport was influenced by surface tension. The physical structure of the jet was observed to be changed resulting in surface tension induced broadening of the jet at the exit of the nozzle tube; the jet was found to attach to the nozzle tube at a diameter larger than the tube internal diameter due to the strong action of surface tension. Liu et al. (1991) verified experimentally the theoretical considerations for laminar jets, which should be quite adequate for the prediction of stagnation heat transfer under uniform velocity jets of Pr > 3.
The experimental results are observed to be somewhat low, particularly at low Reynolds number, for laminar jets in the range of 25,000 < Re D < 80,000. Stevens and Webb (1991) and Bensmaili and Coeuret (1990) reported that in the high and moderate Reynolds number range, the transport under free-surface water jets is relatively insensitive to Volume 3, Number 2, 2015 nozzle-to-surface spacing (in the H/D range prior to water jet destabilization and breakup). After leaving the mill, the hot steel strips travel along the runout table where they are cooled down. The heat is extracted from the steel strips by using water jets. Liu and Samarasekera (2002) worked on jet impingement boiling which refers to the boiling that happens in the cooling process on the hot steel plate by water jet impingement. Gradeck et al. (2009) in their jet impingement experiments measured the temperature, heat flux, and shapes of the boiling curves as shown in Fig. 5 . They explained that various steel grades may require different cooling patterns in order to achieve the expected microstructure and mechanical properties. The impingement of water jets on the hot steel strips involves boiling heat transfer. Kokado et al. (1984) applied a photographic technique to investigate different cooling modes as the water radially spread out over the surface. They observed the wetted zone under the water jet and the progression of its boundary, and the rewetting front that they associated with the most significant temperature drop during cooling. Relevant heat transfer data for both the stagnation and radial flow zone are important for the modeling of boiling during cooling of steel strips on the run out table. Therefore, it is very important to understand the occurrence of various boiling regimes.
Spray Cooling
Spray cooling is used extensively in high temperature, such as the steel industry. Understanding of the spray cooling mechanics is needed for better control of the cooling rate. Spray nozzles can be classified into several different categories depending on their method of operation. For hot steel cooling, a hydraulic nozzle is typically selected. Liu and Samarasekera (2002) used an air/water spray impingement cooling system in their spray cooling experiments as shown in Fig. 6 . The spray is formed by an annular air jet atomizing a liquid jet located in its core. The spray impinges on the surface, where the droplets form a thin film. There are three different components of the overall heat transfer: an evaporative component at the air/water interface; a convective component at the air/water interface due to the air flow over the surface of the heated liquid film; and a component due to the sensible heating of the liquid in the film as it flows from the stagnation point toward the edge of the heater.
Many researchers previously used spray cooling widely in various industrial applications. For cooling applications, the temperature of impinging surfaces could be either above or less than normal boiling temperatures of the liquids in the air/water spray. The evaporation of the droplets impinging on a superheated surface through the phase change process considerably added the overall heat removal and hence resulted in heat transfer enhancement (Deb and Yao, 1989; Sehmbey et al., 1992; Buyevich and Mankevich, 1995) . Two ways of creating small water droplets for spray cooling are through air atomization and pure water atomization. In air atomization, pressurized air breaks up a stream of water into fine particles. Air atomization usually produces smaller but faster droplet sizes (around 10-50 µm and 50-100 m/s, respectively). Pure water atomization uses forced liquid, and the internal nozzle design itself breaks up the water stream producing larger and slower particles (100-500 µm and 2-40 m/s) (Schick, 2000) . There has not been much research done on pure water atomizing sprays. Grissom and Wierum (1981) identified three distinct operational modes in spray cooling. The first case is that the surface vaporizes all of the impinging spray. This is referred to as the "dry-wall" state. The second mode is that spray forms a thin liquid film upon the hot surface. This will be referred to as the "flooded" state. The third mode is the well-known "Leidenfrost" state. Baumeister et al. (1966) developed a correlation equation relating liquid properties and initial temperatures to the Leidenfrost point on stainless steel; the Leidenfrost point for water was 285
• C and for ethanol 190
• C; on aluminum, water was 230 • C and ethanol was 155 • C. They determined that the contact angle and degree of surface fouling had the greatest effect on the point, and that liquid subcooling had little effect.
Spray cooling has proven very effective because the momentum of the droplets allows the liquid to get much closer to the surface than it would if the surface was just immersed in the liquid, causing a thinner vapor film. The phenomena involved in this type of spray cooling have been widely studied (Deb and Yao, 1987; Wachters et al., 1966; Awonorin, 1989) .
Upon comparing spray cooling to the other cooling methods; it is found that the heat transfer coefficients are significantly higher for spray cooling. For instance, pool boiling with water has a heat transfer coefficient in the vicinity of 5 × 10 4 W/m 2 · K, while spray cooling using water has a heat transfer coefficient over 5 × 10 5 W/m 2 · K. This has been observed in Yang (1993) .
Another major advantage of spray cooling is that much higher heat fluxes can be achieved without surface dry-out (i.e., high critical heat flux). Water spray cooling has been shown to be capable of removing close to 1000 W/cm 2 at temperatures lower than 140
• C under normal surface conditions (Yang, 1993; Pais et al., 1992; .
Most of the earlier spray cooling research involved low heat fluxes and low fluid flow rates (Toda, 1974; Bonacina et al., 1975) . In the past few years, a significant amount of work has been done in high heat flux spray cooling research (Yang, 1993; Pais et al., 1992; Sehmbey et al., 1992 Sehmbey et al., , 1995a . The complexity of the phenomena involved has, however, frustrated attempts to successfully model the process. Recent findings have clarified the picture and brought us closer to an understanding of the process. The importance of nucleation (bubble formation) in spray cooling heat transfer has been established (Sehmbey et al., 1995b) . Both Toda (1972) and Monde (1980) found the heat transfer coefficient increased in both regimes with increasing spray volumetric flux (coolant volume flow rate divided by surface area). Pais et al. (1989) suggested heat transfer could be reduced by minimizing drop size, maximizing drop concentration, and choosing drop velocities that would minimize drop rebound at the surface.
In water spray cooling, a limited number of experiments (Halvorson, 1994; Testa and Nicotra, 1986; Emmerson and Snoek, 1978; Emmerson, 1975) have been performed at either high or subatmospheric ambient pressures.
Spray cooling has been identified as having several characteristics that make it an appealing choice for a cooling system. One of these characteristics is that temperature gradients observed across the heated surface are often assumed to be small (Morgan et al., 1993) . However, experimental results presented here as well as numerical modeling have shown that this is generally not true (Pautsch and Shedd, 2003; Yan, 1992) . Tay et al. (2006) used another type of air-water spray cooling setup to cool a test vehicle as shown in Fig. 7 . They found the effects of both air and water flow rates on the surface heat transfer coefficient as given in Tables 1 and 2 .
FACTORS INFLUENCING IMPINGEMENT HEAT TRANSFER
The magnitude and distribution of the heat transfer coefficient has been found to be dependent on a number of parameters including, but not limited to, the Prandtl number (Pr), Reynolds number (Re), jet-to-target spacing (H/d n ), jet diameter (d n ), nozzle thickness-to-diameter ratio (t/d n ), and the physical geometry of the jets and heater surface (Martin, 1977; Jambunathan et al., 1992) . Lee et al. (2004) reported in their experiment that the Froude number (1/Fr 2 z ) was an appropriate dimensionless parameter to relate the nozzle height with variations in the impingement liquid jet velocities and heat transfer rates. The variation of jet-to-target (H) they used in their experiment ranged from 0.04 to 0.45 m. The plate surface was cleaned with ethanol and heated to 900
Effect of Nozzle
• C in a furnace, then cooled to 800 • C by natural convection followed by water jet impingement cooling from 750
• C.
The effect of jet-to-target spacing for jet arrays was more closely examined by Pan and Webb (1993) . The local heat transfer distribution was investigated with water as the test fluid for a 9-jet in-line array and a 7-jet staggered array over various jet-to-target spacing (H) between 2 ≤ H/d n ≤ 8. For the central jet module, the stagnation point heat transfer coefficient was found to be independent of jet-to-jet spacing. Conversely, a dependence on the jet-to-target spacing was discovered. By increasing the dimensionless jet-to-target spacing (H/d n ) from 2 to 5, the flow condition was observed to change from a confined-submerged jet flow to a free-surface jet flow. Matsumoto and Kikkawa (1999) reported that increasing jet-to-jet spacing in the streamwise or spanwise direction leads to a decrease in overall heat transfer coefficient. A larger exhaust channel, or jet-to-wall spacing, also produces lower heat transfer.
Some researchers proposed to remove spent airflow right after impinging in order to reduce the cross flow. Whelan et al. (2009) presented the effects of different nozzle geometries on the heat transfer coefficient during liquid jet array impingement. The nozzle geometries they took are shown in Fig. 8 and corresponding effects are shown in Fig. 9 . Kim et al. (2005) reported that when cooling proceeds at a slow rate, austenite grains have enough time to grow and produce a growth that is much larger than the initial grain size during cooling from the starting and finishing temperatures of the rapid growth temperatures. In a limited case of slow cooling with a rate of less than about 10 2 K/s, prior austenite grain size can be approximated by growth. As the cooling rate increases, the growth kinetics becomes sluggish and the growth decreases gradually. Consequently, the contribution of prior austenite grain size to growth decreased with an increase in the cooling rate.
Effect of Cooling Rate on Microstructure
Some more recent works include Hammad et al. (2004a,b) , Woodfield et al. (2005) , and Mozumder et al. (2005 Mozumder et al. ( , 2006 . These recent studies have been performed by quenching a cylindrical block of initial temperature ranging from 250
• C to 400 • C. These studies emphasized flow visualization, surface temperature, surface heat flux, cooling curves, boiling curves, resident time (wetting delay), and boiling sound. Mozumder et al. (2006) reported that in their experiment, the average cooling rate was as high as 60 • C/s at the very beginning of jet impingement due to initial transients, dropped to 22
• C/s due to film boiling within 0.5 s, and again enhanced to 124
• C/s after 1.9 s due to vigorous nucleate boiling. The surface heat flux reached its maximum of q max = 2.76 MW/m 2 while the cooling rate became maximum (124 • C/s) 1.9 s after the jet first impinged on the surface. For uniform cooling of a lumped solid the maximum heat flux and maximum cooling rate should occur simultaneously. Chen et al. (2002) found that the mean droplet velocity had the strongest effect on the cooling rate, followed closely by the mean droplet flux. Unfortunately, simple generalized correlations based on droplet flux have not been identified.
Effect of Coolant Properties
Previous works by Rybicki and Mudawar (2006) suggest that the cooling rate (i.e., heat transfer performance) can be correlated to the fluid droplet diameter. Chen et al. (2002) independently varied numerous spray parameters including flow rate, droplet size, droplet flux, and droplet velocity and found that the droplet velocity had the largest effect on the heat transfer coefficient.
The spray nozzle geometry, for example, nozzle height, has also been studied. Estes and Mudawar (1995) looked at spray cooling with a single nozzle and found that the optimum cooling performance occurred when the nozzle height was such that the spray impact zone just inscribed the heated surface.
With spray cooling, it is possible to raise or lower the cooling rate by increasing or decreasing the amount of liquid in the mixture. Recent studies employing spray cooling on alloyed steels have shown that cracking still may result at the higher cooling rates. A water-air mixture provides a unique capability to control the cooling rate, depending on the amount of liquid in the spray and the size of the droplets. Traditionally water sprays have been used extensively in metallurgical industries for the cooling of high-temperature metals at film boiling. Sprays are made of large drops, on the order of 100 µm or larger, and operated at high mass flux to give high heat transfer rates. However, the heat transfer distribution frequently is not uniform and water utilization efficiency is low.
At the film-boiling regime, the impacting droplets of water spray will be in contact with surface for a very short period of time; however, the resulting heat transfer is significant. The contact heat transfer mechanisms include the convection in the layer of vapor underneath the droplets and transient homogeneous nucleation at the point of dropletsurface contact. In addition to the droplet contact heat transfer, there is radiation from the surface and convection to the flowing air on the surfaces. Due to the droplet-surface contacts, material properties and roughness also influence the heat transfer.
Water can be sprayed alone or in a mixture of water and air. Cooling of nonferrous metal using water spray was studied by Mueller and Jeschar (1983) and Woodbury (1991) . A wind tunnel study of heat transfer from an isothermal circular cylinder to a water-in-air spray without change of phase is reported by Hodgson et al. (1968) ; in this study, a nearly two-dimensional flow is used. A one-dimensional measurement of heat flux using air and water for surface temperatures up to 500
• C is reported by Choi and Yao (1987a) .
A water-air mixture provides a unique capability to control the cooling rate, depending on the amount of liquid in the spray and the size of the droplets. This chapter describes the heat transfer characteristics of a spray-cooled surface Volume 3, Number 2, 2015 at a high temperature before the onset of surface wetting phenomena. In general, for metallurgical applications, all phase transformations occur at temperatures above the dry-wall conditions as reported in the literature (Webb et al., 1992) .
In plotting the Nukiyama curve in water spray cooling, Ciofalo et al. (2007) showed the total volume flow rate as a function of the pressure head for all nozzles as depicted in Fig. 10 . Sehmbey et al. (1992) reported experimental results for water-to-air mass flow ratio of 1.49 and airflow rate of 0.16 L/s; the heat flux at 80
• C was about 100 W/cm 2 , a value that is substantially lower than in their previous study. The large difference in heat flux between the two studies was not discussed in the latter study.
In continuous casting, air-mist (pneumatic) nozzles are gaining acceptance over hydraulic nozzles owing mainly to two claimed advantages: (a) a more uniform heat extraction and (b) a broader range of heat removal intensities. It could be suggested that in the first, the even dispersion of drops resulted from the trajectories was imparted to them by the nozzle-orifice geometry and the accompanying air, and that the second is a consequence of the wide turndown ratio (ratio between the minimum and maximum water flow) and the controllability of the air/water volumetric-flows ratio, A/W .
The authors Sozbir et al. (2003) claimed that in dense mists the droplet velocity had a relatively minor effect on the heat transfer, because, although the increase in velocity may increase droplet deformation during impact, it may simultaneously decrease the time duration of the interaction, resulting in a zero net effect; the highest impingement density involved in the study was approximately 8 L/m 2 · s. Investigations involving air and water flow rates (i.e., 3.9-7.8 L/s, 0.3-0.6 L/s) and impact-water fluxes (2-90 L/m 2 s) within ranges of practical interest to continuous casting have shown that the droplet dynamics persists in having an important influence on impaction heat transfer (Buyevich and Mankevich, 1995; Yao and Cai, 1988) .
In recent work, aimed at a quantitative understanding of the thermal evolution of thin slabs during continuous casting, the present authors found that the prevailing boiling regime is transition boiling and that the rate of heat extraction for a given water-flow rate increases as the air pressure increases from 200 to 250 kPa (Bendig et al., 1995; Castillejos et al., 2006) . Through laboratory measurements, it was found that this increase in pressure led to an increase in drop velocity and a decrease in drop size that may have resulted in an increased drop-surface contact (Castillejos et al., 2006) .
Ideally, for the impaction cooling of water mist at high surface temperature, the heat transfer contribution of air and water could be separable and independent. An attempt was made by Deb and Yao (1989) , who modeled the spray cooling by considering droplet impingement heat transfer and air convective heat transfer separately.
FIG. 10:
Total volume flow rate as a function of the pressure head for all nozzles [Reprinted with permission from ASME, (Sozbar et al., 2003) ].
The overall heat transfer is considered as the summation of these two contributions in addition to radiation cooling. However, no experimental verification was reported in terms of parametric study of these factors to validate this idea directly.
In the study carried out by Sozbir et al. (2003) , experiments were conducted on stainless steel disks at the high temperatures to verify these separable effects. Local heat transfer coefficients were measured in the film-boiling regime. The airflow and water flow are controlled independently and the operational conditions included pure air and water mist at different liquid mass fluxes. As a result, the air and water effects are revealed independently and parametrically. The Leidenfrost temperature was obtained at various air velocities and liquid mass fluxes.
The ability of spray cooling to enhance heat transfer rates greatly while maintaining superheat low is largely attributed to the phenomena occurring within the thin film of liquid deposited on the surface. The thickness of the liquid film in conjunction with the droplet, surface, and film fluid interaction governs the intensities of bubble generation and stirring action. The secondary atomizing gas stagnation flow field strongly controls the droplet impact, liquid film thickness, and liquid film motion (Yang et al., 1996a) .
There have been considerable studies on spray cooling, e.g., Ito et al. (1991) . However, only a few studies on mist cooling have been performed, and most of these used vertical or upward horizontal plates or circular tube, not cylinders.
Recently, Buckingham and Haji-Sheikh (1995) carried out a mist cooling experiment with a cylinder heated to 1000
• C using a water-air mixed flow at different mass flow rate ratios of water to air. They also divided the heat transfer regions above the dry-wall temperature into a radiation-dominated region and a convection-dominated region. They calculated the surface temperature of the cylinder through an inverse heat transfer scheme based on a Monte Carlo simulation. However, the convection heat transfer from the air-vapor mixed flow did not account for the cooling rate measured in their experiment.
Previous studies pertaining to spray cooling heat transfer have parametrically examined the effect of secondary gas atomizers and mass flux of ejected fluid (Yang et al., 1995; Sehmbey et al., 1995a) , ejected fluid temperature, and spray footprint optimization on the effective heat flux across the heat exchange surface (Mudawar and Estes, 1996) .
Effect of Oxide Layer
Surface oxidation phenomena have a great impact on spray water-cooling heat transfer in steel manufacturing. Spray water-cooling is used as a secondary cooling procedure in strip casting and for the final microstructure optimization after hot rolling. In both cases, the initial surface is not clean; it is oxidized. Wendelstorf et al. (2008) presented experimentally measured results on oxide layer effect on spray cooling performance. They carried out experiments for water (T W = 18
• C), impact densities from V S = 3-30 kg/m 2 · s and surface temperatures between 200
• C and 900 • C. Temperature evolution and heat transfer in the hot metal forming process has always been a topic of interest for many researchers. In hot strip rolling, the layers of scale on top of the hot steel make the question even more complicated (Kumar et al., 1992; Torresa and Colas, 2000; Puschmann et al., 2001) . In fact, large temperature gradients exist on the surface of the work piece and in the scale layers (Krzyzanowski et al., 2000; Sun et al., 2002; Li et al., 1996; Fletcher and Beynon, 1996) .
Effect of Mass Flux
Jet and spray impingement density plays an important role in the thermal management system. For this purpose, a large number of spray nozzles, including both hydraulic and air-mist, are used under a variety of conditions. Hydraulic spray nozzles can be classified into several different categories based on their spray pattern, such as hollow cone, full cone, and flat sprays. Air-mist spray nozzles, which generally produce droplets of smaller size and higher velocity, can be classified based on design configuration as internal or external mixing, and both are capable of producing conical and flat patterns.
Yao and others (Choi and Yao, 1987b; Deb and Yao, 1989 ) studied heat transfer of mono-size sprays for spray density (G) in the range 0.3-2 kg/m 2 · s. A maximum heat flux of 2 × 10 6 W/m 2 was reported at the surface temperature of a copper test piece in the range of 140
• C-160
• C and the Leidenfrost temperature was around 250
• C. Bolle and Moreau (1982) in their review paper on spray cooling reported spray cooling for stainless steel using three hydraulic nozzles for mass flux below 7 kg/m 2 · s. The following correlation was suggested for heat transfer coefficient in film boiling for surface temperature 900 K < T surf < 1200 K:
at 1 < G < 7 (kg/m 2 · s).
The effects of droplet velocity and induced transverse airflow were also discussed. Al-Ahmadi and Yao (2008) conducted experiments to find the spray mass flux for a nozzle-to-plate distance of 152.4 mm at the center of the spray and at 50.8 mm off center. Water mass fluxes were collected and measured for different nozzles at different pressures. The water mass flux distribution was measured with 11 tubes arranged in line. Table 3 shows their experimental results. Two orientations were tested for the first full cone nozzle: vertical downspray with horizontal test disk position, and horizontal spray with vertical test disk position. For center tests, the sprays impact the plate at a 90
• angle. For side tests, a 50.8-mm spray-center to disk-center lateral distance was maintained, resulting in a nominal 72
• spray angle of impact. They concluded that when pressure increases, the mass flux is increased; however, the normalized local distribution pattern does not change. Puschmann et al. (2001) used a mechanical patternator in conjunction with a PDA to evaluate spray characteristics with regard to metal quenching. This patternator consisted of a linear arrangement of ten, 10-mm-diameter round tubes. Each tube drained into a graduated cylinder for measurement. Though the patternator was relatively crude for gas turbine atomizer use (it lacked a shutter, offered relatively low spatial resolution, etc.), Puschmann felt it would be more reliable than the mass flux calculations of the PDA. Hoffman et al. (1997) developed a patternator to evaluate the pulsed spray characteristics of automotive injectors. This patternator consisted of 23 round brass tubes arranged linearly. The tubes had an inside diameter of only 1.7 mm which should yield excellent spatial resolution. However, the tubes were spaced 3.8 mm from center to center. From the mechanical patternators, several conclusions can be drawn.
The effect of liquid mass flux on the droplet wall contact heat transfer was investigated. According to the previous research (Delcorio and Choi, 1991; Trovant and Argyropoulos, 1997) , the major parameter to affect the film-boiling heat transfer of impacting spray is the liquid mass flux. They compared their results with the correlation of Yao and Choi (1987) , for the smooth surface and at the air pressure of 100 kPa. The above review shows that the ability to accurately measure volumetric or mass flux is necessary in an impingement heat transfer research facility specifically to decide the thermal management aspects such as optimal coolant employment, power required, etc.
The complex interaction between the spray and hot alloy surface can be understood by breaking it down into its dominant process variables, namely, the hydrodynamic structure of the spray itself, the placement of the spray nozzle relative to the surface, and the geometry and heat diffusion characteristics of the alloy itself. The spray parameters that have the strongest influence on cooling performance are volumetric flux, Sauter mean diameter, and mean drop velocity (Rybicki and Mudawar, 2006) Another study also dealt with spray cooling of rods and exteriors of tube bundles (Chang, 2006) . Mascarenhas and Mudawar (2012) reported in their comparative work between steel and aluminum that increasing nozzle pressure drop or decreasing orifice-to-surface distance increased the magnitude of volumetric flux, which hastened the onset of the rapid cooling stages of the quench as well as improved overall cooling effectiveness. The sprayed surface was characterized by fast thermal response to the spray, while regions within the wall displayed more gradual response due to heat diffusion delays. With their superior thermal diffusivity, aluminum alloy tubes transmit the cooling effect through the wall faster than steel tubes. For steel, the cooling effect is more concentrated near the sprayed surface, causing the sprayed surface to cool much faster and locations within the wall cool much slower than for aluminum alloy.
The average impinging velocity (V i ) of the jet to the testing surface can be estimated by a modified Bernoulli's equation developed by Ghodbane and Holman, (1991) and studied by Abbasiet al. (2010):
where h z is the spray head, s f is the surface tension of the fluid, and d 32 is the Sauter mean diameter of droplets. The last term in the above equation is the energy needed to break up the liquid jet into tiny liquid droplets. Hernandez et al. (2008) developed a CFD model for simulating the motion of the water droplets and air emerging as a mist from a nozzle under conditions of interest to continuous casting. Mishra et al. (2013) presented experimental results on effects of mass impingement density, water and air pressures on cooling rate during spray cooling of a hot steel plate. Their results are depicted in Fig. 11 . Karwa and Stephan (2013) reported the effect of jet impingement velocity and subcooling variations from 2.5 to 10 m/s and 60 to 87 K, respectively, on the temporospatial heat transfer variation on the impingement surface. A gradually growing circular wetted region, with its periphery named as the wetting front, forms soon after the cooling
FIG. 11:
Effects of water flow rate and mass density on cooling rate [Reprinted with permission from AJER, (Mishra et al., 2013) ].
Volume 3, Number 2, 2015 starts but its velocity decreases as it grows in diameter. A local maximum in the surface heat flux closely follows the wetting front, with the local maximum heat flux reducing with distance from the stagnation point. The wetting front velocity and local maximum heat flux increase with both the jet velocity and subcooling. The enhancement in the local film velocity and subcooling result in a strong suppression of boiling activity and, resultantly, high heat transfer rates at plate surface temperatures in much excess of the critical temperature of the coolant are achieved. This observation confirms the industrial practice of using impinging jets for accelerated cooling of hot steel plates.
CONCLUSIONS
Jet and spray cooling are new techniques used for most of the metal and alloy manufacturing industries, since they have several unique advantages such as high heat dissipation, small fluid inventory, and efficiency of heat removal. The efficiency of spray cooling a heated surface is dependent on heat flux rate through the conducted area between water and hot surface. The majority of the experimental data in these contexts, obtained to date is not enough to understand both the thermal and mechanical behavior of material after application of such methods. The spray cooling mechanisms in both the single-phase and two-phase regimes have yet to be conclusively identified from these data. In most cases, a good number of data are available to predict the thermomechanical behavior but are generally limited to flat plate, full cone sprays. Further advances in our view of jet and spray cooling will require the development and application of new experimental techniques to measure heat transfer, film thickness, shear stress, pressure, and spray parameters, and will require the use of sophisticated measuring techniques especially for surface temperature, flow characteristics, impingement properties etc., so as to achieve a real time database on all this information.
